Research and development organisations (RTOs) are at the heart of innovation systems. They help to connect innovation system actors to foster industrial innovation. Due to this intermediary role, they act as paradigmatic open innovation (OI) actors. In this context, RTOs need to balance their knowledge stocks and flows, while assuring their own innovation capabilities and positively impacting the innovation system they influence. Thus, RTOs need to develop collaboration approaches that support their own performance while increasing their capabilities and not threatening their competitive advantages derived from their knowledge stock. In this study we extend the OI research to research organisations analysing their OI approach and the impact on its own performance, developing a new framework for OI study in RTOs using a partial least squares structural equation modelling (PLS-SEM) approach. The research, based on a sample of Spanish RTOs, arises two substantive conclusions. First, an increased number of collaboration partners (collaboration breadth) and the use of a variety of OI practices have a strong impact on RTOs' overall performance (scientific, transference, and economic results). Second, RTOs need to foster their aperture and promote an active management to benefit from collaborating partners, whereas managers should pay special attention to questions related to the protection and management of intellectual property when promoting the use of different OI practices. Both results also emphasise the importance of managing firms' knowledge flows in the implementation of OI in RTOs.
Introduction
The collaborative approach to science, technology and innovation has become very important for innovation and technology diffusion and has, therefore, caught the attention of managers, economists, and politicians [1] . This way of organising research, development, and innovation activities is an effective way of sharing knowledge, obtaining complementary assets and generating new technologies in most sectors where technological advances are rapid [2] .
From the perspective of innovation, Chesbrough [3] coined the term open innovation (OI) to describe a trend in innovation theory, evolving from a closed to an open approach. He defined OI as "the use of knowledge flows from abroad and outward to accelerate the innovation process and expand the market for the external use of innovation, respectively". The "open" approach is being adopted in the innovation policies exemplified in Europe with the "open science, open innovation, open to the world" policy [4] .
All these open approaches to science and innovation share a common underlying understanding: that the collaboration and sharing approach will provide benefits to the advance of science and to the translation of science in innovations [5] that will fuel economic growth [6] . From the perspective of individual organisations, one of the main claims of the OI approach is that organisations applying it can improve their innovative performance [7] [8] [9] [10] .
Research and Technology Organisations (RTOs) are non-profit, industry-oriented, research and development organisations, with the main mission to drive business innovation through technology transfer, especially in small and medium enterprises (SMEs) [11] acting as a catalyst in the innovation system. RTOs are characterised by their role as intermediaries in innovation systems, filling the gap between scientific and technological knowledge and innovation [12] .
RTOs as intermediaries are already connected to different actors in the innovation systems; however, several external forces make them pursue more connected strategies with different types of actors and use different knowledge transfer practices [13] . First, due to pressures in public R&D funding, they are required to perform and find diversified funding sources [14] . Second, many R&D funding programs require the formation of project consortia, including different actors [13] . Third, more companies are embracing the OI approach; therefore, seeking knowledge from external actors and demanding more collaboration from RTOs. Fourth, technology development is becoming more multidisciplinary, complex, and dynamic, so it is very difficult for a single organisation, especially smaller ones, to possess the necessary capabilities [15] . These tendencies push RTOs towards a more open and collaborative approach to research and innovation.
From the RTOs perspective, an important question arises in this context: do RTOs benefit from adopting a more open approach to innovation? This is very relevant to RTOs, as they also need to perform successfully to sustain themselves and continue to develop their mission. Contrary to the commercial firms, in which innovative success is measured by metrics like innovations or financial benefits, the success of RTOs is measured by different performance metrics [16, 17] . Thus, RTOs need to perform successfully in a number of areas to ensure their sustainability: (1) knowledge generation, to ensure they generate new relevant knowledge and to remain at the forefront of technology research [18] ; (2) knowledge and technology transfer, to provide companies with knowledge and technology as their main mission [19] , and (3) economic results, that supports their operation and long term sustainability [20] .
The main mission of RTOs is to transfer knowledge and technology to companies, and, therefore, it seems relevant to focus on measuring this impact [21] from an OI perspective. However, despite the RTOs position in the innovation system, which suggests a natural OI role in knowledge generation and transfer [14] , there is a significant gap in the literature in the analysis of OI in RTOs [22, 23] . Academics have mainly studied RTOs indirectly as collaborators and partners of different types of private firms in an OI context, rather than as the beneficiaries of the OI paradigm [24] .
Therefore, this research tries to address this gap exploring OI in RTOs, evaluating the effect that an OI approach has on the performance of RTOs and analysing the relevant managerial and organisational factors that affect their OI approaches. The research answers the call to extend the OI study to other types of organisations different from commercial firms [25] . Thus, the research contributes to the advance of the knowledge of OI in different areas:
First, we contribute to extending the OI approach in a new context, which has been very scarcely studied from the OI perspective [13, 23] , i.e., RTOs that are a non-profit research organisation with an intermediary role in the innovation systems.
Second, we contribute to the literature of intermediaries in the innovation systems, focusing on them, and studying the effect that OI has on their own performance, instead of the partner role, which has been the dominant perspective [11, 26, 27] .
Third, the research contributes to increase our understanding of how the OI approach can be applied in the practice of RTOs, paying attention to OI enablers in management and organisation relevant to RTOs.
Fourth, the study provides empirical evidence of the OI approach in Spanish RTOs and evaluates its effect in RTOs performance. The performance of RTOs, contrary to the typical measures of innovative performance used in companies: i.e., innovative products and services sales is measured by a composite index that considers the RTOs core activities: knowledge generation, technology transfer, and economic results that are necessary for successful and sustainable RTOs.
Additionally, the research provides insights for RTOs managers and stakeholders on the effect of the organisational and management aspects in the adoption of a successful OI approach.
The empirical study will be based on the Spanish population of RTOs, based on a self-administered survey directed to RTOs' managers. We will use a PLS-SEM approach [28] for the study that provides the required flexibility and tools to explore complex relationships among different OI dimensions and performance. Thus, this research provides a fresh, exploratory perspective of OI in RTOs, which differs from the traditional OI studies in commercial firms in two main areas: the R&D nature and intermediary role of RTOs on the innovation systems that suggest a natural openness and their special mission, with a non-profit character, that conditions their management and key performance metrics [16] .
The paper structure is as follows: the next section contains a literature review of the advances and research developed about the impact of OI in the performance of an organisation, to bring key factors and dimensions to the context of RTOs. Section 3 describes the research framework and hypothesis, while Section 4 includes the data collection scheme used. Section 5 explains the research methodology followed in accordance to the research framework established, as well as the PLS-SEM modelling and results. The discussion of research results and hypothesis validations are presented in Section 6. Finally, the main conclusions, limitations, and implications of the research are stated in Section 7, suggesting some future research avenues.
Literature Review
OI is a very rich concept, which can be approached and implemented in several different ways [29] . In the literature, the concept of "openness" has been understood and measured in different ways, which resembles the multiple dimensions of OI [30] . Thus, to study OI in RTOs, we will consider several key OI aspects taken from the OI literature to develop our research framework and corresponding research question and hypothesis.
Collaborating with External Partners: Collaboration Breadth and Depth
Companies long ago recognised that relations with other agents and engaging in cooperative partnerships could provide many benefits in R&D, innovation, and technology transfer [2, 31, 32] .
Several authors have tried to analyse the impact that each type of partner has on the organisation's performance [33] . Belderbos et al. [34] considered four basic types: competitors, customers, suppliers, and knowledge agents (Universities/RTOs) and observed that they have differentiated effects on performance. Other authors have broadened the typology of agents, introducing consultancies or intermediaries [7] , business and trade associations [35] , or companies from other sectors [36] The influence of simultaneous collaborations with these four types of agents [9] has also been analysed, with different effects depending on the size of the company and the specific combination of types of agents.
Two widely used measures of collaboration with external partners were introduced by Laursen and Salter [37] to measure the external knowledge search strategy: the breadth of the search measured the number of external sources of knowledge used, and the depth of the search that measures the intensity of the use of those external sources. Later on, the concept of search breadth and depth was extended to collaboration breadth and collaboration depth to consider the double direction of the knowledge flow [38] .
OI Modes and Practices
In addition to the research studies on cooperating partners, OI research literature introduces three different OI modes [39] regarding the direction of knowledge flow: inbound, outbound, and coupled. These modes influence the mechanisms or practices to acquire, transfer, or co-develop knowledge, respectively, in different OI practices.
The inbound mode has been the most studied in the literature, as mentioned by several authors [9, 40] , while the outbound and coupled modes have been far less considered [41, 42] . Ahn et al. [7] have studied the effect of different inbound modes, finding a positive effect of collaborative R&D projects, user involvement, and technology acquisition on performance. In relation to inbound mode, a review study [43] evaluated the impact on companies of the use of external sources of knowledge (Universities, Technology Centres, and knowledge-intensive business services). The study found that larger, more R&D-intensive companies and high-tech companies are more likely to use external knowledge and that the use of that knowledge is associated with better innovation performance.
The outbound mode refers to the external technology commercialisation [42] to leverage internal R&D efforts [44] and tends to provide benefits for organisations as revenue generator [7, 42, 45] . However, the outbound mode can also provide risks [46] , i.e., knowledge losses or high costs, that require a well organised R&D portfolio management approach [42] .
Finally, and complementing both approaches, some authors have considered the three modes of OI altogether. For example, Cheng & Huizingh [47] found that the application of the three modes of OI significantly and positively impacted four dimensions of innovative performance: new product/service innovation level, new product/service success, customer performance, and financial performance, although each type of OI mode had a different intensity of impact. These authors argue that entrepreneurial orientation, with associated proactive and entrepreneurial processes, create a fertile environment for OI. Other authors [45] , also found a variety of impacts from the use of different modes of OI and their different practices. Specifically, acquisitions, out-licensing, co-patents, and manufacturing alliances appeared to impact positively on both new products and revenues.
Organisational and Managerial Issues in OI
As several authors showed, active management is connected to OI application and performance [47, 48] . The implementation of OI strategies requires a specific culture in the organisation that values external competences [49] , which differs from those applying closed innovation strategies. In this sense, an exemplary problem is employees' negative attitudes against external knowledge: the syndrome of not invented here (NIH), and against the external exploitation of the assets of own knowledge: the no shared here (NSH) syndrome [50, 51] .
Organisations are professionalising the internal processes to manage OI more efficiently and effectively [48, 49] since it has been shown that OI management influences the effect of OI in performance [52] .
When applying OI, organisations open the flow of knowledge into and outside the organisation. However, at the same time, they need to protect intellectual property in order to capture the returns of their innovation efforts, which gives rise to the "paradox of openness" [53] . Thus, intellectual property management and protection acquires great relevance [54] to ensure that firms capture the value of their technologies [55] , and for this, the management of intellectual property rights (IPR) becomes an element of great relevance, especially in an environment of multiple and varied collaborations [56, 57] in which RTOs work.
Open Innovation and Performance in RTOs
The literature of OI in RTOs, and specifically, the studies that research the impact of OI in the performance of RTOs (or other types of research organisations) is very scarce. Many authors approaching it focus on the impact of collaboration rather than a more holistic view of OI [11, 26, 27] . Some other authors have analysed (focused on company-owned research centres) the effect of inbound OI on the performance of collaborating company-owned business units and research centres; finding a positive relationship of inbound OI and performance for both business unit and research centre [58] . In the same line, Asakawa et al. [59] analysed the impact of OI with the same dual perspective (company and research centre) finding that research labs increase their performance by the adoption of OI.
Other authors analysed the effect of different collaborations profiles and their effect on the scientific performance of R&D institutes measured by publications related indicators [60] . In the same vein, Chen et al. [22] studied the effect of the position of research centres in research collaboration networks with industries and/or universities and their impact on their scientific performance. De Silva et al. [23] analysed the impact of knowledge-based practices used in collaborations with external agents on the internal value creation in RTOs to ensure their long-term sustainability.
However, despite the RTOs position in the innovation system that suggests a natural OI role, there is a significant gap in the literature in the analysis of OI in RTOs, and specifically on how it affects performance [22, 23] . This is very relevant for RTOs since the current tendency towards openness pursued by different actors in the innovation system urges them to embrace a more conscious OI approach [27] . However, the lack of knowledge of the effect of different OI dimensions (collaborating partners and OI practices) in RTOs' performance and the extent of the necessary organisational and managerial skills, may hinder their adoption or lead to non-efficient OI adoption. Therefore, there is a need to shed some light in this phenomenon, obtain evidence on the role of OI in RTOs, and provide some guidelines to RTO stakeholders to improve performance, and as a result, enhance their contribution to industrial innovation and the regional economic development.
Theoretical Framework and Hypothesis
In order to clarify the approach, benefits, and threats of the implementation of OI in RTOs, our research has focused on the analysis of the effect of OI collaboration schemes and practices on RTOs' overall performance (scientific, transference, and economic results), as well on the analysis of the associated managerial and organisational issues.
We have developed a new research model, that besides integrating previous authors approaches studying the effect of OI in performance of firms [10, 41, 45, 61] , also considers and integrates the special characteristics of RTOs and their features regarding their role in the innovation systems. This newly defined model helps to understand the phenomenon of OI in RTOs from an exploratory and more comprehensive approach, combining previous research efforts that studied partial aspects of OI in RTOs [11, 26, 27] .
This approach will allow us to explore the relations of different OI measures, answering the following research questions: (1) which is the effect of OI in the performance of the RTOs? (2) Which is the effect of organisational and management factors in OI application in RTOs?
To answer those questions, the research model includes several OI measures that are relevant for RTOs, as shown in Figure 1 . The model basis considers: on the one side, the two main dimensions of the OI paradigm, the collaborating partners (measured by collaboration breadth and collaboration depth) and the OI practices (measured by OI practices) that considers the three main modes of OI: inbound, outbound, and coupled with its associated practices, and analyses its effect in RTOs' overall performance (RTOs' performance). On the other hand, to explore how other managerial and organisational aspects affect the application of OI in RTOs, we include the organisational commitment towards OI (measured using three variables: organisational aperture, OI management, and IPR protection) to analyse its effect in the OI application in RTOs.
Due to the singular nature of RTOs, their underlying business model relies on achieving results in a set of different dimensions [16, 17, 19, 62 ] that contribute to their overall performance and to achieve their long-term sustainability. Thus, RTOs are expected to provide results in three dimensions: on the knowledge generation dimension, their research activities need to contribute to the knowledge advance maintaining them at the forefront of technology research and increasing their knowledge stocks for future technology transfers [18] . On the technology transfer dimension, according to their main mission, they impact the companies by transferring knowledge and technologies [19] . Finally, on the economic front, even if they are a non-profit organisation, they need to obtain and efficiently manage their economic resources to ensure their operations [20] . We argue that collaborating with external partners and using different OI practices can benefit the different performance dimensions of RTOs, thus positively affecting their overall performance. Regarding collaboration with external partners, several studies have shown a positive effect of the use of external sources of knowledge in the performance of firms [7] [8] [9] [10] . However, cooperation with external agents has associated costs, and in some cases, the results obtained from external collaboration may decrease [37, 63, 64] . This effect may be related, among other factors, with the internal R&D capacity, as some authors found that companies with large R&D capabilities are better able to capture and exploit external knowledge [65] . Interestingly, RTOs may be better positioned than firms to benefit from collaborating from external partners since they possess higher internal R&D capabilities and absorptive capacity that facilitate the use of external knowledge [66] .
When collaborating with external partners in innovation activities, RTOs need to decide their approach in terms of broader or deeper collaboration strategies. RTOs that develop broader and deeper collaboration strategies may be able to increase their knowledge generation and transfer, thus improving their capabilities to generate industrial innovation. Thus, to explore the influence of broader and deeper external collaboration in RTOs´ performance, we use collaboration breadth and collaboration depth variables [37, 67] . Collaboration breadth refers to the number of external partner types that collaborate with RTOs in innovation-related activities, whereas collaboration depth refers to the intensity of these collaborations.
Previous studies found that research institutes scientific performance could benefit from their interaction with an ample number of actors in the triple helix innovation systems [22] . Companies increasingly pursuing OI strategies can benefit by strengthening their collaboration with RTOs [26] , thus also increasing the technology transfer impact of RTOs. Additionally, increasing the collaboration with multiple partners in government-funded programs and increasing collaboration with companies may allow them to diversify their funding sources, improving their economic results. Therefore, we expect that collaborating with multiple agents in the innovation systems, both broadly and deeply, may allow RTOs to increase their knowledge stocks and knowledge transfer, improving their overall performance. Therefore, we put forward the following hypotheses: H1. Collaboration breadth has a positive effect on the overall performance of RTOs.
H2. Collaboration depth has a positive effect on the overall performance of RTOs.
Regarding the effect of the use of multiple OI practices in the main OI modes: inbound, outbound, and coupled, several studies have found that using a variety of OI practices have a positive effect performance of firms [45, 63] . RTOs, due to their intermediary role in the innovation system practice, the three main modes of OI: inbound, acquiring knowledge from other agents like universities, for example, inviting external personnel or developing collaboration agreements for knowledge acquisition; outbound, transferring their internal knowledge to other partners by means of sale of Regarding collaboration with external partners, several studies have shown a positive effect of the use of external sources of knowledge in the performance of firms [7] [8] [9] [10] . However, cooperation with external agents has associated costs, and in some cases, the results obtained from external collaboration may decrease [37, 63, 64] . This effect may be related, among other factors, with the internal R&D capacity, as some authors found that companies with large R&D capabilities are better able to capture and exploit external knowledge [65] . Interestingly, RTOs may be better positioned than firms to benefit from collaborating from external partners since they possess higher internal R&D capabilities and absorptive capacity that facilitate the use of external knowledge [66] .
When collaborating with external partners in innovation activities, RTOs need to decide their approach in terms of broader or deeper collaboration strategies. RTOs that develop broader and deeper collaboration strategies may be able to increase their knowledge generation and transfer, thus improving their capabilities to generate industrial innovation. Thus, to explore the influence of broader and deeper external collaboration in RTOs' performance, we use collaboration breadth and collaboration depth variables [37, 67] . Collaboration breadth refers to the number of external partner types that collaborate with RTOs in innovation-related activities, whereas collaboration depth refers to the intensity of these collaborations.
Regarding the effect of the use of multiple OI practices in the main OI modes: inbound, outbound, and coupled, several studies have found that using a variety of OI practices have a positive effect performance of firms [45, 63] . RTOs, due to their intermediary role in the innovation system practice, the three main modes of OI: inbound, acquiring knowledge from other agents like universities, for example, inviting external personnel or developing collaboration agreements for knowledge acquisition; outbound, transferring their internal knowledge to other partners by means of sale of know-how or knowledge-based services, and finally, coupled, co-developing knowledge with other partners, for example, in collaborative R&D projects. For RTOs, the use of a wide variety of OI practices could open new opportunities for knowledge acquisition, creation, and transfer, providing them with benefits in their overall performance. For example, the use of more technology transfer practices, like the sale of know-how or the creation of spin-offs will provide them more opportunities for benefiting from their internal knowledge assets, or developing collaboration agreements with other knowledgeable agents will allow them to gain the capacity to accelerate their knowledge and technology development. Thus, we expect that the use of different OI practices will have a positive impact on the performance of RTOs and therefore put forward the following hypothesis:
H3.
A wider use of OI has a positive effect on the overall performance of RTOs.
Data Collection
The study focuses on Spanish RTOs, and its population is based on the Spanish Register of Innovation and RTOs (CIT) of the Ministry of Science, Innovation, and Universities [68]. As of 15 January 2018, the CIT registry had 63 entities registered as RTOs. Once the three inactive entities were discarded, the final population of 51 RTOs was obtained by selecting those oriented mainly to sectors of medium or high R&D intensity [69] , discarding those mainly oriented to sectors of low R&D intensity, fundamentally RTOs oriented to the primary sector.
The data has been collected based on a self-administered survey, which has been designed to maximise motivation and facilitate respondents to respond accurately, trying to minimise methodological bias [70] . In the design of the survey, many measurement scales and questions previously validated in the OI and RTOs literature have been used.
The survey, aimed at RTOs' managers, uses a Likert scale of 1 to 5 and includes four sections: (1) the collaboration network (breadth and depth); (2) the use of OI practices; (3) the organisation and management issues (organisational aperture, the OI management, and IPR protection), and (4) the RTOs' performance.
After an initial validation of the survey through personal interviews with two directors of RTOs and the consequent adjustments, the final survey was sent, and responses were received from May to September 2018. Finally, 37 responses were obtained, which implies a ratio of 73% of the total population selected, which can be considered very representative.
The sample has an important degree of reliability since 89% of the responses come from first level management (being 43% of the total General Directors) and where 84% of the total report more than 10 years of experience. On the other hand, the sample has a good geographic distribution since all regions with more than one RTO are represented with at least 50% of the regional RTOs. In addition, in order to detect the common methodological bias, the one-factor Harman test was carried out [70] . This test has shown that the main factor explains only 26.21% of the variance, well below 50%, which indicates that no evidence of common methodological bias has been found [70] . Additionally, evaluations of potential biases have been carried out using the T-Student statistical test [71] . First, we analysed the non-response bias, which consists of comparing the results of early respondents with late respondents and analysing the differences [72] , and no significant differences were found between early and late respondent's groups. Secondly, it has been verified whether the profile of the respondent (general manager, manager, or others) influences the data obtained in the sample. No significant differences were found between the different profiles surveyed.
With all these analyses, we conclude that the data obtained are of sufficient quality and adequately reflect the population of selected RTOs.
Research Method and Results

A PLS-SEM Modelling Approach
To answer the research questions and test the proposed hypothesis, partial least squares structural equation modelling (PLS-SEM) [28] was applied using the SmartPLS software v3.2.8 [73] . This study aims to explore the OI approach and the performance of RTOs, and the variance-based PLS-SEM approach is particularly beneficial due to the exploratory nature of the research and the complex interactions involved [28, 74] . The great flexibility it provides in the modelling of variables, from a single item to complex variables, such as OI practices or RTOs' performance using reflective and formative constructs [75] or higher order constructs [76] , is another important reason. Furthermore, PLS-SEM has been used in previous studies [58, [77] [78] [79] , and the fact that it is based on a series of ordinary least squares regressions and its statistical power makes it suitable for a relatively small sample and population sizes.
PLS-SEM methodology contemplates the modelling of two elements [28] : the measurement model and the structural model. The measurement model represents the relationship between the constructs or variables and the items used for their measurement, while the structural model represents the relationships among variables or constructs. In PLS-SEM model evaluation and validation are carried out in two stages: first, the measurement model is evaluated, where the constructs used to measure the variables are validated. In a second stage, the structural model is evaluated, where the relationships between the different variables are analysed, fundamentally, their magnitude and significance, allowing hypothesis testing.
In the next sections, we present the PLS-SEM study that follows the recent analysis and reporting recommendations made in the literature [28, 80, 81] .
Measurement Model
The measurement model includes first order reflective constructs and second order reflective-formative constructs [76] to ensure the most appropriate modelling for all variables. The selection of each measurement model considered theoretical issues as well as suggested selection criteria [82] .
The evaluation of the measurement model is made according to the specific model used for each variable, either formative, reflective, or second order construct. The evaluation process, as described in next sections, starts with the first order construct variables assessment and continues with the second order constructs evaluation, thus fully validating the measurement model.
Variables, Survey Items, and Constructs
Collaboration breadth and collaboration depth operationalisation [38, 67] is shown in Table 1 . It is inspired by the original Laursen and Salter [37] breadth search and depth search concepts measured as the counter mode. Thus, the operationalisation is carried out counting the collaboration with 8 types of entities (since the survey provided data for each partner type at three geographical levels regional, national, and international, we use a total of 24 items), both for the variable collaboration breadth (counting each collaborating entity: item ≥ 2) and for the variable collaboration depth (counting each collaborating entity with deep interaction: item ≥ 4). Thus, these variables range from zero to 24. Relevant types of partners have been considered based on the specific nature of RTOs, extending the ones identified by previous researches focused on the study of OI in firms [7, 54, 67, 83, 84] . Table 1 . Collaboration breadth and depth constructs survey questions.
Collaboration Breadth and Collaboration Depth
Survey items/Data (Likert scale: 1 Very low-5 Very high) Authors
Collaboration level with each partner type (total of 24 items: 8 partner type at 3 geographical levels: regional, national, and international): Since collaboration breadth and depth are count type variables, they enter directly into the PLS-SEM model as single item constructs. PLS-SEM cannot evaluate single items for validity, and therefore we consider them valid as they have been widely used in the OI literature [7, 9, 37, 40, 53, 54, 64, 67, [83] [84] [85] .
OI practices are grouped into the three different modes of OI described in the literature: inbound, outbound, and coupled [39] according to the main direction of the flow of knowledge: towards the organisation, out of the organisation, and in both directions respectively. Each mode is materialised with several OI practices already analysed in previous studies and relevant for the study of OI in RTOs. These three modes present three different dimensions of OI practices [45] and are, therefore, modelled as a formative element, since they form a set of complementary factors, which may be independent of each other, forming the OI practices composite indicator [28, 86] . Each OI mode is modelled, as the first order reflective indicator with a set of reflective variables. Thus, obtaining the so-called second order reflective-formative model [28, 76] in Figure 2 . The three OI modes are measured by a set of survey items, as shown in Table 2 . The resulting PLS-SEM model is shown in Figure 2 . 
Construct Evaluation Method
Due to the use of second order variables in the model and their endogenous nature, we had to use a combination of approximations to both variable and model evaluation using a two-step method [95] . In the first step, variable evaluation, we used the repeated indicators approach [76, 96] in which the items of the first level reflective variables also load in the second level. In the second step, 
OI Practices
Survey items/Data (Likert scale: 1 Very low-5 Very high) Authors
Use of the following practices in the last three years (11 items Regarding RTOs' commitment towards OI, the variables, organisational Aperture, OI management, and IPR protection are operationalised (see Table 3 ) by means of reflective elements as shown in Table 3 since the scales used for their respective measurement items that form it are interchangeable and the causal priority goes from the construct to the indicator [28] . Organisational performance is broadly recognised as a multidimensional concept and is considered as a paradigmatic example of a formative indicator [28, 93] . RTOs due to their nature are expected to provide results in several dimensions: on the scientific dimension they generate new knowledge, measured mainly with publications and patents [18] ; on the technology transfers dimension, they impact the companies by transferring knowledge and technologies [19] ; finally, they need to perform economically to ensure their sustainability [20] . Thus, we developed a new Performance construct, modelled as a formative element, since they form a set of complementary factors, which may be independent of each other, forming the RTOs' Performance composite indicator with these three dimensions: Scientific, Transference, and Economic results. This second order reflective-formative model [28, 76] uses items previously used in other researches that are suitable for our research approach (Table 4) . Table 4 . Performance survey questions.
Performance
Survey items/Data (Likert scale: 1 Much worse-5 Much better) Authors
Evolution of performance in the last 3 years (9 items The resulting PLS-SEM model is shown in Figure 2 .
Construct Evaluation Method
Due to the use of second order variables in the model and their endogenous nature, we had to use a combination of approximations to both variable and model evaluation using a two-step method [95] . In the first step, variable evaluation, we used the repeated indicators approach [76, 96] in which the items of the first level reflective variables also load in the second level. In the second step, structural model evaluation, we used the single item variables calculated from the first step.
The repeated indicators method [76] was used for modelling the second order variables OI practices and performance, using Mode B settings for items loading directly in the second level constructs (formatively) and mode A for the formative variables composing the second level constructs. We also used mode A [97] for the rest of first-level variables with a reflective character. Regarding the path method, the path weighting scheme was used [28] .
First Order Constructs Evaluation
To evaluate the first-level reflective variables of the model, including first order variables and the first level of second order variables, we followed Hair et al. [28] evaluating: (1) reliability, (2) convergent validity, and (3) discriminant validity.
The reliability of the internal consistency of reflective constructs is based on two criteria: (1) Cronbach's alpha and (2) composite reliability, as shown in Table 5 .
The values obtained for Cronbach's alpha exceed the value of 0.7 [81] for all values except for the inbound (0.695) and outbound (0.685) variables. These two values exceed the value of 0.6 admitted for exploratory research [28, 81] and, therefore, we consider them valid. Similarly, the composite reliability (CR) of all constructs far exceeds the recommended value of 0.7 [98] and, therefore, validates the reliability of the internal consistency of constructs. Convergent validity is checked in two ways: (1) by analysing the loads and reliability of the items and (2) by the average variance extracted (AVE). Indicator loads in constructs exceed the recommended value of 0.7 [80, 98] in all cases. Similarly, the reliability of the indicator, which is the square of the loads, also exceeds the recommended value of 0.5 [28] . The value of the AVE shows in all constructs a value higher than 0.5 [81, 98] , thus verifying the convergent validity of the constructs.
To evaluate discriminant validity, we used three methods: (1) Fornell-Larckert criterion, (2) cross loads, and (3) the HTMT (Heterotrait-Monotrait) method. The Fornell-Larckert criterion states that the AVE from each construct must be greater than the squared correlation with the rest of the constructs. Table 6 shows the results of the Fornell-Larckert criterion, where the diagonal values (in bold) show the square root of the AVE, and the values below the diagonal show the estimated correlation between the factors. The values obtained show that the correlations between variables are lower than the AVE and, therefore, show discriminant validity [81, 98] . The second method of assessing discriminant validity is the analysis of cross loads of items in constructs. As shown in Table 7 , the loads of the items in their respective construct (in bold) is higher than the loads of the items in other constructs [81, 98] , therefore, confirming their discriminant validity The final analysis to determine discriminant validity of the HTMT method [99] , which is an estimate of what the correlation between constructs would be if they were measured without errors, i.e., perfectly reliable [28] . Table 8 shows the HTMT values, which, in all cases, show values lower than 0.85 [80] and, therefore, show discriminant validity. 
Second-Order Construct Evaluation
The validation of the second order constructs: performance and OI practices, follows the approach proposed by Duarte and Amaro [96] : (1) evaluate the absence of collinearity, (2) assess nomological validity, and (3) assess discriminant validity. Notice that first level variables that form the second order constructs (inbound, outbound, and coupled for OI practices; scientific, transference, and economic for RTOs performance) have already been validated in the previous step.
To evaluate the absence of collinearity between the first-degree factors and the second-degree construct, the variance inflation factor (VIF) of the first level reflective variables that make up the second level constructs was checked, as shown in Table 9 VIF values are low, much lower than the value of 5 recommended by Hair et al. [28] and even better than the 3.3 proposed by Diamantopoulos and Siguaw [75] ; thus, collinearity does not seem to present problems in the subsequent analysis. Table 9 . Variance inflation factor (VIF) of second order constructs. The evaluation of the nomological validity of the construct is made by evaluating the values and significance of the relationship coefficients between the first level variables (reflective) and the second level variables (formative). Using the bootstrapping method [28] , the significance values were evaluated and are shown in Table 10 As can be seen in the table, the ratio coefficients of the first level variables and the respective constructs range from 0.306 to 0.562, exceeding the level of 0.1 [100] , and the p levels, less than 0.05 [28] , are significant, which shows the nomological validity of the construct.
OI Practices Performance
In order to evaluate the discriminatory validity, it is verified that the correlation between multi-level constructs and other constructs is less than 0.7 [98] . Table 11 shows the correlations between the different variables of the model, which in all cases are lower than the value of 0.7, the highest value being 0.645, which confirm the discriminant validity of the second level formative constructs.
This analysis finishes the evaluation of the second order variables and completes the measurement model evaluation. Since the evaluation criteria are met, we conclude that all used constructs provide satisfactory levels of quality. 
Structural Model Evaluation
For the evaluation of the structural model we followed the steps proposed by Hair et al. [101] : (1) evaluate the absence of collinearity, (2) evaluate the significance and relevance of the relationships between variables, (3) evaluate the coefficient of determination R 2 and the effect size f 2 , and (4) evaluate the predictive relevance Q 2 and the effect size q 2 .
The assessment of collinearity is carried out using the value of the model's VIF, and the results shown in Table 12 are below the demanding value of 3.3 [75] . The relationship coefficients between variables and their significance are then evaluated. Table 13 shows the values obtained for the relationship coefficients, with the mean values and their standard deviation, as well as the values of t and their level of significance. Likewise, following the recommendations of several authors [28, 81, 98] confidence levels are also reported at 2.5% and 95%.
Regarding the organisational commitment towards OI, results show statistically significant relationships: organisational aperture positively affects collaboration breadth and collaboration depth. OI management positively affects collaboration breadth, and IPR positively affects OI practices. On the other hand, regarding the effect of OI application in performance, results show statistically significant relations: both collaboration breadth and OI practices positively affect RTOs' performance. Now, let us consider additional analyses to evaluate the structural model (and individual relationships) using the coefficient of determination R 2 , which is the most commonly used measure to evaluate the structural model [28] , and the predictive relevance Q 2 to evaluate the model's predictive accuracy. Table 14 shows the values of the coefficient of determination R 2 , as well as the adjusted R 2 [101] . Complementing the coefficient of determination R 2 , we evaluated the effect size f 2 to measure the individual effect of variables in endogenous constructs [81, 98] as shown in Table 15 . Following the criteria indicated by Hair et al. [101] , it is established that values of 0.01, 0.15, and 0.35 have a small, medium, and large effect, respectively. Both collaboration breadth and OI practices have a medium f 2 size effect on RTOs' performance. For its part, the organisational aperture variable has a medium effect on the collaboration breadth and collaboration depth but no effect on OI practices. OI management has a small effect on collaboration breadth and a very small effect on collaboration depth and OI practices. IPR protection has a small effect on collaboration breadth and collaboration depth and a large effect on OI practices. Additionally, in order to evaluate the predictive capacity (Q 2 ) of the model, the blindfolding procedure [28] is carried out to obtain Q 2 values. As can be seen in Table 16 Q 2 values for all endogenous variables are positive, which shows predictive relevance [74, 98] . The values of effect size q 2 [28, 74] that measure the relative importance of the variables in the value of Q 2 are shown in Table 17 . Following the criteria indicated by Hair et al. (2017a) , it is established that values of 0.01, 0.15, and 0.35 have a small, medium, and large effect, respectively. The values show that the effect of collaboration breadth and OI practices on performance is small. The effect of the organisational aperture on collaboration breadth and collaboration depth is small. IPR protection has a small effect size on OI practices. The OI management has a small effect size on the collaboration breadth. 
Non-Linear Effects of Collaboration Breadth and Depth in Performance
We also performed additional analysis to evaluate non-linear relations in the model. Due to transaction costs associated with the collaboration with different partners, there may be diminishing effects of collaboration breadth and depth in performance, with an inverted U shape [37, 63, 64] .
To check for this effect in RTOs, we added the quadratic effects of both collaboration breadth and depth in performance to the original PLS-SEM model (Figure 2 ), using the SmartPLS quadratic effect tool [95] . The new model evaluation (Table 18) Moreover, the model with quadratic effects does not provide a better model fit since it does not improve the adjusted R 2 value [28] , as shown Table 19 , compared with the original model (Table 14) . These results discard the inverted U relation among collaboration breadth and performance and collaboration depth and performance in our sample.
These analyses complete the structural model evaluation, of which the results will be discussed next, together with the evaluation of the research hypothesis. 
Discussion and Implications
By answering to the research questions regarding the effect of OI in the performance of the RTOs, as well as the implication of organisational and management issues in the OI application in this type of organisation, this study contributes to the understanding of OI modes and practices in RTOs. The empirical findings obtained using the PLS-SEM structural modelling provides evidence of the impact of OI application in RTOs.
Regarding the collaboration partners, we found different effects. On one side, we found a statistically significant effect of collaboration breadth on the RTOs performance (Table 13) , confirming hypothesis H1. This result matches the findings of other authors in different types of organisations: big companies [102] , SMEs [7, 103] and service companies [47] . However, we found no statistically significant effect of collaboration depth in RTOs' performance (Table 13) , so hypothesis H2 is rejected, which is a partially unexpected result. Several authors have found a positive effect of collaboration breadth on performance [37, 40, 64] . However, other authors have also found no positive effect collaboration depth on performance in biotechnology firms [104] or the electronic component industry [85] . In the same line, and in the Spanish context, other authors have found no positive effect of collaboration depth in performance [105] in high-tech manufacturing companies involved in technologically stable contexts. These differences in results could be due to the downsides associated with collaboration, that can surpass its benefits [105] , and suggest that in a high-tech context, collaboration depth is not so important. Furthermore, no decreasing effect of the number of collaborating partners in RTOs' performance has been found in both collaboration breadth and depth. Interestingly, it seems that RTOs can benefit from collaborating partners without the need to establish deep connections and that they are able to profit from increasing the number of partners types without suffering diminishing effects related to the costs associated with managing those collaborations. This effect may be related to the R&D nature and high absorptive capacity of RTOs, as some authors have shown that in high technology contexts, like the electronic industry [85] , biotechnology [104] , or high-tech manufacturing [105] , collaboration depth is not related to better performance. Additionally, the open nature of RTOs as an intermediary in innovation systems may allow them to develop the necessary skills to benefit from increasing the number of collaborating partner types.
We also found a positive and significant effect of the OI practices in RTOs' performance (see Table 13 ), confirming hypothesis H3, which indicated that RTOs that make greater use of different OI practices in their three main innovation modes (inbound, outbound, and coupled) achieve greater performance. This matches the results of other authors [54] that have found a positive effect of a variety of OI practices in firms.
Additionally, we explored the effect of organisational commitment towards OI, measured by organisational aperture, OI management, and IPR protection in OI application. As it could be expected, organisation aperture, measured as the willingness of the organisation to collaborate, has a positive effect on both the collaboration breadth and depth (Table 13) , since the organisation characteristics facilitate the development of collaborative relations with different partners. On the other hand, no effect of organisational aperture on the use of OI practices has been found (see Table 13 ), possibly since fostering collaborative relationships could be developed using either a high practice variety or concentrating on a small number of practices.
OI management has a positive effect on the collaboration breadth, with a significance of p < 0.1. However (see Table 13 ), empirical evidence does not show a significant effect of OI management on either the collaboration depth or OI practices.
Finally, IPR protection has a significant effect on the use of OI practices (see Table 13 ). This could be expected because OI practices demand the control of the knowledge assets (i.e., patents for technology licensing). Additionally, the use of different practices in multiple collaborative relationships requires high control and management of the IPR protection mechanisms.
Conclusions, Limitations, and Further Research
Since its conceptualisation in 2003 by Chesbrough [3] , OI has been both studied and implemented in many organisations, raising the interest of academia and practitioners. Research and development organisations (RTOs) are paradigmatic OI agents at the heart of innovation systems, and they develop their own R&D activities connecting innovation system actors to foster industrial innovation. Due to their role, they need to develop OI approaches to balance their knowledge stocks and flows, while assuring their own innovation capabilities, positively impacting the innovation system they influence and ensuring its long-term sustainability. OI literature, however, has concentrated in firms, especially big companies, although SMEs and service companies are increasingly being considered. RTOs have been mainly indirectly studied as collaborators and partners of different types of private firms in an OI context, rather than as the beneficiaries of the OI paradigm [24] . This research addresses this gap with the objective to analyse the OI phenomenon in RTOs, evaluate the effect of OI in the overall performance of RTOs, and study how organisational and managements factors affects their OI approaches.
The research considers a sample of Spanish RTOs and raises substantive conclusions on their OI approach and impacts related to their singular nature. First, results show there is a significant effect of the collaboration with different partner types (collaboration breadth) in RTOs overall performance. Moreover, deepening the collaboration (collaboration depth) with those partners does not significantly affect RTOs' performance. Interestingly, results suggest that the effect of collaboration with different partners do not have a limit in which collaboration costs outweigh the benefits. Probably, the special characteristics of RTOs as an R&D organisation, with a high level of absorptive capacity and its intermediary role in the innovation systems, makes them able to benefit from every external collaborating partner type, even if they do not develop deep relationships.
Second, the use of different OI practices has a strong impact on RTOs' overall performance. As expected, using different OI practices will increase RTOs' capacity to acquire and exploit knowledge, accelerating their innovation cycles, and increase the knowledge transfer channel, thus developing a more diversified and sustainable business model.
Third, organisational and managerial factors play a big role in developing an OI strategy in RTOs. Therefore, they need to foster their internal organisational aperture and promote active management to engage with external collaborating partners, whereas they should pay special attention to questions related to the protection and management of intellectual property when promoting the use of different OI practices. Even though it may seem contradictory at first glance to apply IPR protection strategies in an organisation oriented to provide knowledge and technology to firms that receive partial public funding, RTOs also need to capture the value from their knowledge transactions to complement their funding sources and ensure their own long-term sustainability. Thus, promoting the flow of knowledge and, at the same time, protecting their own knowledge assets becomes a crucial challenge for RTOs.
About the academic value of this paper, we argue that this research contributes to the advance of the knowledge of OI in different areas. First, we contributed by extending the OI approach in a new context, i.e., RTOs that are non-profit research organisations with an intermediary role in the innovation systems that have been very scarcely studied from the OI perspective [13, 23] . Second, building off of extant literature, we proposed a new PLS-SEM framework to study OI in RTOs, combining simultaneous effect of collaborating partners (using broad and deep collaborations) and different OI practices in performance. The framework proposes and validates new measures to capture the complexity of OI practices in RTOs, including its three different OI modes: inbound, outbound, and coupled. In the same way, new measures have been developed and validated to measure the multidimensional character of RTOs performance, including scientific output, technology transfer, and economic results. Third, it shows the effect of collaborating with external partners in the performance of RTOs that differ from those found in firms [7] [8] [9] [10] 37] . Fourth, the research contributes to increase our understanding of the organisational and managerial factors to be considered when developing OI approaches in RTOs.
These findings provide practical contributions for RTOs stakeholders, generating insights into the OI approaches and impact. For RTOs' managers, the results suggest that adopting a more open approach to innovation can be beneficial. Since RTOs' performance is positively affected by collaboration breadth and OI practices, managers could create a fertile ground within the RTOs that facilitates the collaboration with external partners and the use of different OI practices. First, they could increase the organisational openness, fostering an open attitude and culture towards external collaborations. Second, they could develop more formal OI management procedures to efficiently direct and manage external collaborations toward the specific objectives. Both aspects could positively help to develop a broader collaboration network. Third, the development of an active management of its own knowledge assets paying attention to their protection practices would be an adequate ground to increase the use of a variety of OI practices.
Public administrations play a big role in RTOs, and many of them were set up within innovation system policy frameworks to deploy their policies to foster industrial innovation. Rapid technological evolution and internationalisations are important driving forces creating a more open and connected innovation ecosystem. An efficient innovation system should be able to rapidly translate scientific development into industrial innovation, thus requiring efficient RTOs to catalyse the transfer of knowledge and technology to industry. In this context, RTOs should evolve to continue being a relevant player, improving their performance and contribution to the dynamisation of the innovation system. Thus, public administration could help RTOs adopt a more connected and open approach towards innovation in order to increase the overall effectiveness of the innovation policies. Specifically, they could positively influence RTOs' performance with funding policies to foster the development of a broader collaboration with other innovation system actors and promote the use of a variety of OI practices to increase their knowledge and technology transfer channels.
In this study, some limitations arise from the nature of the work. One is related to the use of a self-reported survey with performance measures. Despite the use of similar techniques in many other similar studies [47, 106, 107] , evidence-based variables and measures regarding OI and RTOs' performance could be a more precise approach. Another limitation is related to the low number of RTOs used in the study, which, although highly representative of the population in Spain, suggests that results should be interpreted with caution when extending them to other geographical and innovation systems' contexts.
Future research activities could focus on investigating the relation among OI variables (collaboration breadth, collaboration depth, and OI practices) and identifying the most beneficial combination of these variables for RTOs. Additionally, it could be interesting to study the effect of different collaborating partners types in RTOs' performance, using different measures to complement the effect of collaboration breadth and depth used in this study. Finally, the extension of the research to other countries could also be interesting from an innovation system perspective. 
